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Introduction
Conformational freedom-restricted oligopeptides have attracted the attention of organic, peptide, and medicinal chemists because they are capable of developing peptide organo-catalysts for asymmetric reactions and are also drug candidates derived from biologically active natural peptides.
1 α,α-Disubstituted α-amino acids (dAAs) have been used to restrict the conformational freedom of their peptides. 2 Oligopeptides incorporating α-aminoisobutyric acid (Aib; αMeAla) have been shown to preferentially form 310-/α-helical structures, whereas peptides having α-ethylated dAAs, such as diethylglycine and (S)-butylethylglycine, are more likely to assume fully planar conformations.
3 Differences in secondary structures (helix and planar conformations) are determined by the peptide-backbone torsion angles φ (C'-N-Cα-C') and ψ (N-Cα-C'-N). For example, the ideal right-handed (P) 310-helix has φ −60° and ψ −30° torsion angles, the right-handed (P) α-helix has φ −57° and ψ −47°, and the fully planar conformation has φ 180° and ψ 180°. The patterns of intramolecular hydrogen bonds also differ in these secondary structures. For example, the 310-helix forms an intramolecular hydrogen bond of the N(i+3)-H···O(i)=C(i) i←i+3 type, whereas the α-helix forms an intramolecular hydrogen bond of the N(i+4)-H···O(i)=C(i) i←i+4 type.
Moreover, the fully planar conformation forms an intramolecular hydrogen bond of the C5---- * Corresponding author. Tel/fax: +81 95 819 2423; e-mail: matanaka@nagasaki-u.ac.jp conformation N(i)-H···O(i)=C(i) i←i type.
By selecting appropriate dAAs, these secondary structures are partially controlled. However, the preferential conformations of known dAAs are limited to those of helix and planar conformations. Thus, the development of new dAAs with different conformational preferences is greatly desired.
One such dAA may be the achiral O,O-isopropylidene-α-hydroxymethylserine {Hms(Ipr)} reported by Toniolo, Leplawy, and co-workers. 4 Hms(Ipr) peptides formed destabilized 310-helical structures, in which hydrogen bonds were detected between peptide main-chain NH and side-chain acetonide -O-.
We recently synthesized six-membered ring dAAs with a changeable chiral acetal moiety as well as the preferred secondary structures of their peptides. 5 These findings prompted us to change the position of the acetal moiety on the cyclohexane ring and increase the number of acetal moieties on the cyclic amino acid. We designed six-membered ring dAAs with two chiral acetal moieties {(R,R)-Ac6c 35dBu , (R,R)-Ac6c 35dPen , (R,R)-Ac6c 35dCyc } ( Figure 1 ). We speculated that, by increasing the number of chiral acetal moieties, with four chiral centers existing in one dAA residue, peptides having chiral dAAs may prefer to form a onehanded helical-screw structure. Furthermore, by transferring the acetal moiety from the δ position to the γ position of cyclohexane, peptides with chiral dAAs may prefer to form intramolecular hydrogen bonds between peptide main-chain -NH-and side-chain acetal -O-; therefore, the preferred conformation may not be 310-and α-helices, but new secondary structures. 
Results and Discussion
2.1. Synthesis of six-membered ring α,α-disubstituted amino acids with two chiral acetal moieties.
We synthesized cyclic dAAs with two acetal moieties, as follows (Scheme 1). Dimethyl malonate was alkylated with bromoacetone and then with methyl bromoacetate to produce a dialkylated product 1 in 67% yield.
The intramolecular condensation of 1 with NaH in DMF gave a 3,5-diketocyclohexane 2 in 89% yield. The acetalization of 2 with (2R,3R)-butane-2,3-diol afforded a diester 3a with chiral diacetal moieties in 97% yield. The mono-hydrolysis of diester 3a, followed by Curtius rearrangement with diphenylphosphoryl azide (DPPA) and workup with BnOH produced a six-membered ring dAA with two acetal moieties Cbz-{(R,R)-Ac6c 35dBu }-OMe 4a in 68% yield. The amino acid 4a had four chiral centers at the side chain, but not at the α-carbon atom.
The acetalization of 2 with (2R,4R)-pentane-2,4-diol, followed by hydrolysis and Curtius rearrangement gave a cyclic dAA with two (2R,4R)-pentane-2,4-diol acetal moieties 4b, while that with (R,R)-cyclohexane-1,2-diol afforded 4c having two corresponding acetal moieties, respectively. Furthermore, the exchange of the butane-2,3-diol acetal moiety in 4a with cyclohexane-1,2-diol to produce 4c was completed in 38% yield by a treatment with excess diol (10 equiv) in the presence of p-TsOH in refluxing benzene. Scheme 1. Synthesis of cyclic dAAs with two chiral acetal moieties.
Preparation of (R,R)-Ac6c
35dBu homopeptides.
The C-terminal free amino acid 5 was prepared from 4a by alkaline hydrolysis and used without purification, and the Nterminal free amino acid 6 was prepared from 4a in 93% yield by hydrogenolysis. The formation of peptide bond between 5 and 6 using 1-[bis(dimethylamino)methylene]-1H-benzotriazolium 3-oxide hexafluorophosphate (HBTU) as a coupling reagent produced the dipeptide 7 in 66% yield. Elongation of the peptide chain by fragment coupling or the step-wise addition of one amino acid from the C-terminus to the N-terminus did not proceed well. However, the elongation of peptides from the opposite N-terminus to C-terminus worked in solution phase methods using HBTU/1-hydroxybenzotriazole (HOBt) or O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU)/1-hydroxy-7-azabenzotriazole (HOAt) as coupling reagents, as shown in Scheme 2. 
Conformational analysis in solution.
In the FT-IR absorption spectra of homopeptides Cbz-{(R,R)-Ac6c 35dBu }n-OMe (n = 1, 2, 3 and 4) (Figure 2 ), no band was observed at approximately 3420-3440 cm -1 (free solvated N-H), whereas strong bands were noted at 3390-3370 cm −1 , and this was attributed to the peptide NH group with intramolecular hydrogen bonds between peptide N-H and acetal -O-(ether). In the tetrapeptide 9, a weak band was observed at 3330 cm −1 , and may have been derived from the peptide NH groups with N-H···O=C intramolecular hydrogen bonds. Solvent perturbation experiments in the 1 H NMR spectrum of tetrapeptide 9 in CDCl3 solution (1.0 mM) were performed by adding the strong hydrogen-bond acceptor solvent or paramagnetic free radical 2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO; 0-5 x 10 −2 % w/v). All NH chemical shifts were insensitive to the addition of DMSO-d6. The bandwidth of NH signals was also not affected by the addition of the TEMPO radical (Fig. S1 ). 6 These results demonstrated that all NH protons were solvent-shielded, suggesting that all NH protons were intramolecularly hydrogen bonded.
The CD spectrum of tetrapeptide 9 was measured in 2,2,2-trifluoroethanol (TFE) solution. However, the characteristic maxima of a one-handed helical structure were not observed due to an insufficient peptide length (Fig. S2 ). 
Structures of (R,R)-Ac6c
35dBu homochiral peptides in the crystal state.
35dBu }2-OMe (7) and tripeptide acid Cbz-{(R,R)-Ac6c 35dBu }3-OH 8' provided crystals suitable for an X-ray crystallographic analysis following slow evaporation of the solvent at room temperature (7 from EtOH and 8' from petroleum ether/CHCl3). The crystal and diffraction parameters of 7 and 8' are summarized in Table S1 . 6, 7 Their molecular structures are given in Figures 3, 4, and Figure S3 . 6, 8 Relevant backbone and side-chain torsion angles as well as the intra-and intermolecular hydrogen-bond parameters are listed in Tables 1 and 2 . In the asymmetric unit of dipeptide 7, two crystallographically independent conformers A and B occurred along with two EtOH molecules. 6 Based on the φ, ψ torsion angles, the conformer A was a right-handed (P) incipient helix while the conformer B was a lefthanded (M) one. 9 Torsion angles χ (N-Cα-Cβ-Cγ) and χ' (N-Cα-Cβ'-Cγ'), relating the cyclohexyl ring to the peptide chain, namely N-C 1 -C 2 -C 3 (numbering of cyclohexane) and N-C 1 -C 6 -C 5 , showed nearly +60° and −60°, which indicated that the -NHgroups occupied the axial positions of chair form cyclohexane. 10 Neither an intra-nor an intermolecular hydrogen bond of the N-H···O=C type was observed, whereas the intramolecular hydrogen bonds of N-H···-O-(acetal) type were detected. Therefore,
hydrogen bonds were formed between peptide N(1ab)-H and the acetal -O-of the N-terminal amino acid residue (1ab) as well as between N(2ab)-H and the acetal -O-of the same amino acid residue (2ab) (Figure 3 ). Some distances between N(i; donor) and the other acetal -O-(acceptor) of the same amino acid residue (i) were shorter than 3.0 Å; however their angles of N-H···O were smaller than 90°, suggesting the absence of hydrogen bond formation between them. Toniolo and co-authors previously reported that similar intramolecular hydrogen bonds between peptide N-H and side-chain acetal -O-were formed in Hms(Ipr) peptides. However, their hydrogen bonds were between peptide N(i)-H and acetonide -O-of the amino acid residue (i-1). 4 Therefore, the hydrogen bonding patterns of Hms(Ipr) peptides differed slightly from those of (R,R)-Ac6c 35dBu peptides. Furthermore, peptide backbone N(i)-H are known to be intramolecularly hydrogen-bonded with the same amino acid residue carbonyl group O(i)=C(i) in the C5-conformation, but not with acetal -O-. The crystal structure of tripeptide acid 8' was solved in space group P21 (Figure 4 ). Two crystallographically independent conformers C and D occurred in the asymmetric unit. 6 The signs of peptide backbone torsion angles φ and ψ were opposite between conformers C and D. Therefore, although two peptide backbone structures in conformers C and D were almost mirror images, small conformational differences existed. According to the φ, ψ torsion angles of the residues (2 and 3), conformer C was a right-handed (P) incipient helix while conformer D was a left-handed (M) one. The torsion angles at the N-terminal residue (1) in both conformers were the onset of the semi-extended conformation.
9 Torsion angles χ and χ' showed nearly +60° and −60°, indicating that the -NH-groups occupied the axial positions of chair form cyclohexane. In a similar manner to the dipeptide 7, the intramolecular hydrogen bonds of the N-H···-O-(acetal) type were observed between peptide N(1cd)-H and the acetal -O-(1cd) of the same amino acid residue, between N(2cd)-H and the acetal -O-(2cd), and between N(3cd)-H and the acetal -O-(3cd) in tripeptide 8'. Thus, no intramolecular hydrogen bond of N-H···O=C type was observed. In addition, an intramolecular hydrogen bond was detected between the C-terminal O(3cd)-H and O(1cd)=C(1cd) of the N-terminal residue (Fig. 5) . This type of oxy-analog of a β-turn has already been observed in the crystal structure of Cbz-(Aib)3-OH. The dipeptide 7 and tripeptide 8' formed two conformers showing both plus and minus signs of the φ, ψ torsion angles, which corresponded to right-handedness (P) and left-handedness (M), respectively; however, four chiral centers existed in one (R,R)-Ac6c 35dBu residue. Thus, the effect of four chiral centers in (R,R)-Ac6c 35dBu on the peptide backbone was very weak, as bicyclic amino acid side-chain chiral centers and six-membered ring amino acids with acetal chiral centers have weak bias to their peptide helical-screw handedness. 5, 12 All peptide N-H were intramolecularly hydrogen-bonded with the acetal -O-of the same amino acid residues. These results were consistent with the absence of free NH groups in the FT-IR absorption spectra and 1 H NMR experiments.
Conclusion
We synthesized cyclic α,α-disubstituted amino acids with two chiral acetal moieties, and demonstrated that the acetal moiety was changeable. X-ray crystallographic analyses revealed that the effect of four chiral centers in one amino acid residue on their peptide helical-screw control was very weak. Peptide backbone N(i)-H were also intramolecularly hydrogen-bonded with the acetal -O-of the same amino acid residues (i). The property of (R,R)-Ac6c 35dBu was to form helical structures in its homopeptides, and the N-H···-O-(acetal) type hydrogen bonds stabilized the helix, rather than destroying it and favoring other conformations. No such helical foldamers with these hydrogen bonding patterns have been reported to date. The changeable chiral acetal moiety may be introduced into other foldamers, such as β-, γ-peptides, and urea-peptides. Further studies on chiral organocatalysts using these chiral cyclic amino acid foldamers are currently ongoing. 
Experimental Section

General
Optical rotations [α]D were measured using a 1.0 dm cell. Circular dichroism spectra (CD) were measured using a 1.0-mm path length cell. Infrared spectra (IR) were recorded for conventional measurements (neat, or KBr), and the solution (CDCl3) method was performed using a 0.1-mm path length of an NaCl cell.
1 H NMR spectra were determined at 400 or 500 MHz at room temperature. HRMS(FAB) spectra were taken in the dualfocusing sector field mode, while HRMS(ESI) and HRMS(DART) spectra were measured in the TOF mode.
Synthesis of amino acids
Trimethyl 4-Oxopentane-1,2,2-tricarboxylate (1).
A mixture of dimethyl malonate (20.0 g, 152 mmol), KOBu t (18.5 g, 165 mmol), and bromoacetone (4.0 mL, 165 mmol) in DMSO (300 mL) was stirred at room temperature under an Ar atmosphere for 4 h. Then, KOBu t (18.5 g, 165 mmol), and subsequently methyl bromoacetate (15.6 mL, 165 mmol) were added to the stirred mixture. After being stirred at room temperature for 20 h, the solution was diluted with 3% aqueous HCl, extracted with EtOAc, and dried over MgSO4. After removal of the solvent, the residue was purified by column chromatography on silica gel (33% EtOAc in n-hexane) to give 1 (26. 6 
Dimethyl 3,5-Dioxocyclohexane-1,1-dicarboxylate (2).
A solution of 1 (5.00 g, 19.2 mmol) in DMF (10 mL) was added to the stirred mixture of NaH (1.15 g, 28.8 mmol) in DMF (70 mL) at 0 ºC. After being stirred at room temperature for 3 h, the solution was neutralized with 2% aqueous HCl, extracted with EtOAc, and dried over MgSO4. Removal of the solvent gave a white solid, which was purified by column chromatography on silica gel. The fraction eluted with 10% MeOH in CHCl3 afforded diketone 2 (3.91 g, 89%) as colorless crystals: mp 133-134 ºC; IR ν (KBr) 3700-2250 (br), 1748, 1732, 1628 cm 4.2.3. Dimethyl 3, 3, 5, . A solution of diketone 2 (5.00 g, 21.9 mmol), (2R,3R)-butane-2,3-diol (4.14 g, 46.0 mmol) and p-TsOH·H2O (220 mg) in benzene (100 mL) was refluxed for 20 h, fixed with a Dean-stark apparatus. After being cooled to room temperature, the solution was washed with 5% aqueous NaHCO3, brine, and dried over MgSO4. Removal of the solvent gave a white solid, which was purified by column chromatography on silica gel (50% ether in n-hexane) to produce diacetal 3a (7.95 g, 98%) as colorless crystals: mp 113-115 ºC (recryst. from n-hexane); [α] 9, 78.5, 77.9, 53.1, 52.6, 46.9, 38.2, 17.2, 16.7 3, 5, [Cbz-{(R,R)-Ac6c 35dBu }-OMe; 4a]. A solution of diester 3a (7.95 g, 21.4 mmol) in MeOH (70 mL) and aqueous NaOH of 0.1 M (200 mL) was stirred overnight at room temperature. Then, the solution was neutralized with citric acid and MeOH was evaporated. The aqueous solution was extracted with CHCl3 and dried over MgSO4. Removal of the solvent afforded a crude carboxylic acid (7.4 g), which was used in the next reaction without purification. A mixture of the crude carboxylic acid (7.4 g), Et3N (3.2 mL) and diphenylphosphoryl azide (DPPA, 4.80 mL, 22.3 mmol) in toluene (150 mL) was refluxed for 2 h. Then, benzyl alcohol (BnOH; 3.15 mL, 30.5 mmol) was added to the solution, and the solution was refluxed for 20 h. After evaporation, the residue was diluted with EtOAc, washed with 5% aqueous NaHCO3, brine and dried over MgSO4. Removal of the solvent afforded a residue, which was purified by column chromatography on silica gel. The fraction eluted with 50% ether in n-hexane gave cyclic amino acid 4a (6.76 g, 68%) as a yellowish oil: [α] 6, 136.7, 128.3, 128.1, 127.9, 107.2, 79.2, 79.0, 77.5, 77.4, 66.3, 58.9, 52.7, 46.0, 40.6, 39.0, 17.0, 16.9, 16.8, 16.5 4.2.5. Dimethyl 3, 3, 5, . Compound 3b was prepared from 2 and (2R,4R)-pentane-2,4-diol in a manner similar to that described for the preparation of 3a. Colorless crystals. 62%; mp 114-116 ºC (recryst. from n-hexane/Et2O); [α] 
Methyl 1-(Benzyloxycarbonyl)amino-3,3,5,5-bis{(2R,4R)-pentane-2,4-dioxy}cyclohexane-1-carboxylate [Cbz-{(R,R)-Ac6c
35dPen }-OMe; 4b]. Cyclic amino acid 4b was prepared from 3b in a manner similar to that described for the preparation of 4a. A yellowish oil. 31%; [α] 4, 136.6, 128.2, 127.9, 127.7, 100.1, 99.9, 66.1, 63.1, 62.6, 62.2, 58.7, 52.5, 40.9, 40.8, 40.7, 35.5, 21.4, 21.3 4.2.7. Dimethyl 3, 3, 5, . Compound 3c was prepared from 2 and (R,R)-cyclohexane-1,2-diol in a manner similar to that described for the preparation of 3a. Colorless crystals. 24%; mp 103-105 ºC; [α] 13 C NMR (100 MHz, CDCl3) δ 171.1, 107. 5, 80.1, 79.8, 52.8, 52.6, 46.5, 38.1, 28.9, 28.7, 23.6, 23.6 3, 5, 70 (m, 4H), 1.50-1.15 (m, 10H) ; 13 C NMR (100 MHz, CDCl3) δ 173.0, 155.7, 136.8, 128.3, 128.2, 127.9, 108.0, 107.9, 81.0, 80.9, 79.4, 79.2, 66.4, 58.9, 52.7, 45.5, 40.6, 38.9, 28.9, 28.8, 28.7, 28.7, 23.7, 23.6; HRMS(DART) 3, 5, R) 3, 156.3, 136.4, 128.3, 128.2, 127.9, 107.2, 79.2, 79.0, 77.5, 66.7, 59.0, 45.9, 40.3, 38.7, 17.0, 16.9, 16.7, 16.5 3, 5, 6] . A mixture of 4a (3.30 g, 7.12 mmol) and 5% Pd-C (3 g) in MeOH (50 mL) was rigorously stirred at room temperature under a H2 atmosphere for 14 h. Then, the Pd-C was filtered off, and the filtrate was evaporated. The oily residue was purified by column chromatography on silica gel (10% MeOH in CHCl3) to give amine 6 (2.18 g, 93%) as a colorless oil. 7, 106.8, 106.6, 79.5, 78.8, 77.8, 77.7, 59.2, 52.9, 45.6, 42.0, 40.4, 17.0, 16.8, 16.5, 16.4 
Preparation of peptides
Dipeptide [Cbz-{(R,R)-Ac6c
35dBu 7] . A solution of acid 5 (1.19 g, 2.65 mmol), EtPr i 2N (0.92 mL, 5.30 mmol), and HBTU (1.50 g, 4.00 mmol) in MeCN (35 mL) was stirred at room temperature for 7 h. Then, amine 6 (0.550 g, 1.67 mmol) in MeCN (5 mL) was added to the stirred solution, and the solution was stirred at 60 ºC for 12 h. After removal of the solvent, the residue was diluted with EtOAc, washed with 5% aqueous NaHCO3, brine, and dried over MgSO4. Removal of the solvent afforded a white solid, which was purified by column chromatography on silica gel (60% EtOAc in n-hexane) to produce dipeptide 7 (0.840 g, 66%) as colorless crystals: mp 82-84 ºC (recryst. from EtOH); [Found: C, 61.41; H, 7.35; N, 3.71. C39H56N2O13: requires C, 61.56; H, 7.42 6, 170.9, 155.3, 137.1, 128.3, 127.8, 107.9, 107.7, 107.5, 107.4, 79.0, 78.9, 78.6, 77.4, 65.9, 59.3, 57.8, 52.4, 46.1, 45.9, 41.5, 40.9, 38.1, 36.8, 17.0, 16.9, 16.8, 16.5, 16.5, 16 .3.
Tripeptide [Cbz-{(R,R)-Ac6c
35dBu 8] . A solution of 7 (800 mg, 1.05 mmol) in MeOH (22 mL) and aqueous NaOH of 1 M (10.5 mL) was stirred at room temperature for 3 days. After removal of MeOH, the solution was neutralized with citric acid, extracted with CHCl3, dried over Na2SO4. Removal of the solvent gave a crude dipeptide acid (688 mg), which was used without further purification. A solution of dipeptide acid (688 mg), EtPr i 2N (0.92 mL), HBTU (420 mg, 1.10 mmol), and HOBt·H2O (168 mg, 1.10 mmol) in MeCN (20 mL) was stirred at room temperature for 4 h. Then, amine 4a (362 mg, 1.10 mmol) in MeCN (5 mL) was added, and the mixture was refluxed for 38 h. After removal of the solvent, the residue was diluted with EtOAc, washed with 5% aqueous NaHCO3, brine, and dried over MgSO4. Removal of the solvent gave a white solid, which was purified by column chromatography on silica gel. 4, 170.9, 170.5, 155.7, 137.0, 128.4, 128.1, 127.9, 108.2, 108.0, 107.9, 107.7, 107.5, 107.4, 79.0, 78.9, 78.7, 78.5, 78.2, 77.9, 77.4, 66.1, 59.7, 58.7, 58.0, 52.2, 46.2, 46.1, 46.1, 41.7, 40.9, 40.7, 39.3, 37.7, 36.9, 17.1, 17.0, 16.9, 16.8, 16.7, 16.6, 16.5; HRMS(FAB) 
Tripeptide acid [Cbz-{(R,R)-Ac6c
35dBu 8'] . A solution of tripeptide 8 (524 mg, 0.500 mmol) in MeOH (8 mL) and aqueous NaOH of 1 M (5 mL) was stirred at room temperature for 2 days. After removal of the MeOH, the solution was acidified with citric acid, extracted with CHCl3, and dried over Na2SO4. Removal of the solvent gave a crude tripeptide acid 8' (431 mg, 83%) as colorless crystals: mp 119-121 ºC; [α] .7, 172.9, 170.1, 155.6, 136.8, 128.4, 127.8, 127.0, 108.1, 107.9, 107.8, 107.6, 107.4, 107.3, 79.2, 79.0, 78.6, 78.5, 77.8, 77.5, 77.3, 66.1, 60.0, 59.3, 59.1, 46.4, 46.0, 45.9, 41.8, 40.8, 39.7, 39.2, 37.4, 36.9, 17.1, 17.0, 17.0, 16.9, 16.8, 16.8, 16.7, 16.5, 16.5, 16.4, 16.2, 15.8; HRMS(ESI) 
4.3.4.
Tetrapeptide [Cbz-{(R,R) -Ac6c 35dBu }4-OMe; 9]. Tetrapeptide 9 was prepared from tripeptide acid 8' and amine 6 using HATU and HOAt as coupling reagents in a manner similar to that described for the preparation of 8. Colorless crystals. 66%; mp 125-127 ºC; [Found: C, 60.92; H, 7.76; N, 4.01. C69H102N4O23 requires C, 61.14; H, 7.58 7, 171.5, 171.1, 170.1, 155.3, 137.1, 128.2, 127.6, 127.6, 108.5, 108.3, 108.1, 108.1, 107.7, 107.6, 107.5, 79.2, 79.1, 78.9, 78.7, 78.6, 78.5, 78.2, 77.9, 77.5, 66.3, 59.4, 59.0, 58.0, 52.1, 46.3, 46.2, 46.1, 46.0, 41.5, 40.5, 40.2, 40.1, 38.8, 37.5, 36.6, 17.3, 17.1, 17.0, 16.9, 16.8, 16.8, 16.7, 16.6, 16.3 ; FAB-MS m/z 1378 (M + +Na).
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